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Introduction
This essay provides a bird's eye view of various approaches to investigate and respond to a new viral epidemic. To this end, let's assume that we are responsible for determining the national research budget and assigning funding priorities; what factors should we consider to determine which basic, translational and clinical research approaches receive our support? A thought experiment, in the form of a case study, is used to provide clearer context, and the background literature in virology and immunology is surveyed for factors that explain different findings or provide context to disparate management and research strategies. The thought experiment is summarized as follows:
A new pathogen is detected after an unknown tube in the back of a research lab freezer spills. After a few weeks, many people are infected. Patients who become infected have difficulty breathing. After about one year patients undergo complete respiratory failure and die. In less than 1% of patients there is clearance of the pathogen within about a month. One year after the pathogen is discovered there are cases in every country around the world. The pathogen is slowly spreading and it is estimated in the next 10 years 95% of the population will be infected. All infected patients have a detectable B-cell response to the pathogen. Serum from infected patients does not protect those uninfected. Also, serum from the patients that control the virus is non-protective. All patients mount a T-cell response to the virus in the initial stages, however this declines within about 1 month . In the patients that clear the disease, the T-cell response remains strong until the virus clears. T and B cells are not infected by the pathogen.
The case study highlights some key findings that have been reported in some of the most virulent viral epidemics in recent years like SARS-CoV, H5N1 Influenza, and Ebola. We begin our analysis by a qualitative, broad hypothesis of what might be the the underlying explanation for some of the observed features and what these might imply and how they affect our approach.
Survey Methodology
The literature was surveyed using PubMed and Google Scholar search queries. References of included articles and reviews were also surveyed for relevant content.
Thematic analysis
1a. Thematic analysis of key findings
The virus appears to be airborne, primarily affecting the respiratory system (Table 1) . Its success seems to be attributed to direct or indirect tissue damage, cell-mediated immune suppression, and inadequacy of humoral immune response. Each of these findings warrants careful investigation, although of particular interest is the finding of lymphopenia, as this is not only an uncommon finding in typical viral infections (which generally cause lymphocytosis [1] ), but is probably a key contributor to viral persistence and lethality. Moreover, research into the genetic and immune profile in viremic non-progressors and survivors should help elucidate natural mechanisms of viral protection and hence better inform drug and vaccine development [2, 3] . -Virus has high virulence, and has evades immune system ( Table 3 ).
-Droplet infection control measures important, including awareness campaigns (wearing masks, avoiding crowds), strict quarantine and travel restriction.
-Research needs to focus on the virus's likely primary site, the lungs and airways.
[4]
-In <1% of patients there is clearance within a month.
-Serum from survivors is non-protective.
One or a combination of: 1-different viral strains/phenotypes, 2-specific genetic polymorphisms to viral receptors or HLA alleles, 3-favorable cytokine response.
The genetic and immune profile in these survivors, including a detailed account of their immune cell populations and cytokine profile, should receive significant attention and funding.
[2,3,5]
All infected patients have a detectable B-cell response
As is typical of many viral infections, patients develop a short IgM response, followed by a longer-lasting IgG response against specific viral proteins.
- Antibody-mediated immunity plays a secondary role in protection. More potential explanations discussed in Table  5 .
-Antibody titre should be measured as a confounder.
-Work should be focused on vaccine and cytokine response targeting as opposed to direct targeting of viral components. [5, 9] 1b. Potential causes of tissue damage and mortality Viral mortality is likely attributed to damage to respiratory tissue, leading to hypoxemia and respiratory failure ( Table 2) . Some of this damage may be caused directly by the virus replication cycle through infection and lysis of cells [4] . Radiologic findings from chest CT-scans can confirm viral pattern of pneumonia in infected victims, and the presence of virus or viral particles in sputum or bronchoalveolar lavage would provide stronger confirmation. Like many respiratory viral infections, the weakened immune system opens the door for opportunistic bacterial and fungal infections, leading to compound infections that resist treatment with single antibiotics or antifungal agents [11] . Some additional damage may be caused by induction of noxious substances or due to direct cytopathic effect by some viral proteins [12, 13] . Moreover, the observed pattern of lymphopenia suggests cytokine-mediated damage also plays an important role ("cytokine storm"), caused by a vicious cycle of T-cell recruitment, local inflammation, neutrophil and macrophage recruitment, degranulation, and release of cytopathic substances like myeloperoxidase, collagenase, gelatinase C, etc. [8, [13] [14] [15] . 
Direct cytopathic effect
It is possible that viral proteins have a direct cytopathic effect, similar to the EBOV GP protein.
(EBV) [12, 13] Noxious substances Induction of nitric oxide production, resulting in cell apoptosis or necrosis.
[13]
Ischemic necrosis of tissue
Activation of extrinsic coagulation pathway, leading to fibrin thrombi formation and coagulation. (EBV) [12, 13] 
1c. Possible viral virulence and immune evasion tactics
Viruses employ a huge array of mechanisms to increase their virulence and evade the host immune system. Some viruses, including CMV, HIV, HCV, Influenza and HSV employ multiple mechanisms to antagonise various arms of the immune system, while others employ a more restricted set of virulence tactics [8, [18] [19] [20] [21] [22] . Virtually all arms of the immune system may be antagonized by viruses, including innate immunity and both types of adaptive immunity (humoral and cell-mediated). Given the rapid rate of progression and spread of the virus in this case study, we may assume that it employs multiple virulence mechanisms (Table 3) . A very basic, yet extremely effective, modulator of immune evasion is high antigenic variation through antigenic drift and, occasionally, antigenic shift [18, 22] . Antigenic drift is the simple evolutionary selective pressure caused by error-prone viral replication inside host cells, causing a heterogeneous viral population, a subset of which evades recognition by humoral and cell-mediated immune responses. Antigenic shift occurs when multiple viral strains exchange RNA inside a common host, a process which caused the emergence of the H1N1 Flu strain responsible for the 2009 outbreak, and quite possibly one of the contributors to the viral strain in this case study [23] ; the origin of the samples inside the broken container are unknown and may have been from wild animal species like swine to be used to microbiological or ecological research. One of the most important defenses against viral infections are interferons. The interferon system is activated by a convergent set of signals, including activation of pattern recognition signals like endosomal and plasma membrane toll-like receptors (TLR), intracellular/intranuclear DNA sensing pathway (STING) and RIG-I-like viral dsRNA sensing pathway, among others [5, 15, 19, 24] . Various TLRs recognize different types of viruses; endosomal TLR-3, TLR-7 and TLR-9 recognize dsRNA, ssRNA and CpG DNA, respectively. We will be performing various structural experiments to determine the type of genomic material our virus contains (and hence its family), which would determine which of these pathways is potentially activated and/or antagonized by the virus. Viruses have been reported to block or antagonize all of these innate sensing pathways, hence reducing NF k B and IRF3/7 mediated production of interferon by virally-infected cells and, most importantly, plasmacytoid dendritic cells [25, 26] . Viruses employ other means of blocking type I and type II interferon production, including antagonism to dendritic cell functions (through direct infection or induction of secretion of inhibitors like TGF ), reduction of CD4+ T-cell activation, and expression of INF that act as "interferon sinks" to prevent its binding with receptors [18] . A more direct way of inhibiting interferon response is achieved by viruses like HCV, perhaps the best studied model in this regard due to the pivotal role of INF therapy in combating HCV-mediated liver cirrhosis [19, 27] . Viruses like HCV and HCMV are known to directly block various element of the interferon response pathway, including blockade of STAT1 phosphorylation and nuclear translocation, inhibition of protein kinase R, blockade of 2-5(A) synthetase activation and induction of secretion of Jak/STAT inhibitors, among other mechanisms [18, 19] . Viruses like HSV, VV, CMV and EBV (among others) inhibit the inflammatory response and complement systems, thus preventing critical early events required for well-orchestrated immune activation [28] [29] [30] [31] . This would cause a reduction in CTL mediated killing of infected cells, and could be achieved through a variety of mechanisms:
• Downregulation of MHC class I presentation pathway proteins like TAP2, LMP2/7 (AdV-12).
• Reduced proteasomal degradation though viral protein structural changes (murine leukemia virus, EBV, HCMV) • Reduced TAP-mediated transport to ER by blockade (HCMV) or binding-site competition (HSV, AdV).
• Intracellular retention of MHC class I molecules in the ER (HCMV, by formation of a complex with β2m) or Golgi (VZV), inhibiting MHC class I terminal glycosylation (AdV), or tethering to clathrin-coated pits (HIV-1).
• Lysosome-mediated degradation of MHC class I molecules (murine CMV, HHV-7)
[17, [28] [29] [30] 
Antagonism to dendritic cell functions
This would reduce antigen presentation and secretion of key cytokines (like IL-2, IL-12, type I INF), resulting in a suboptimal adaptive immune response.
Mechanisms include:
• Direct infection of immature DCs (MCMV, HCMV, HIV-1)
• Secretion if TGFβ, blocking maturation of DCs (HCMV) [18, 33] Downregulatio This would prevent antigen presentation by DCs and macrophages to T H cells. [17, 18] 
n of MHC class II expression
Various mechanisms are involved:
• STAT or JAK protein downregulation/degradation, resulting in lack of IFN -mediated induction (HCMV, VZV) • Soluble inhibitors (other than IL-10/TGFβ), HCMV.
• Degradation of MHC class II pathway components like HLA-DM-α and HLA-DR-α (HCMV) • Prevention of AP-1 dependent clathrin-mediated transport of antigens (BPV).
Evasion of NK cell-mediated apoptosis
Possible mechanisms include: 
Reduced
CD4+ cell activation
This causes overall reduction of adaptive immune response. Mechanisms include:
• Antagonism to dendritic cell function (see above)
• Downregulation of MHC class II expression (see above)
• Downregulation of CD4 by enhanced degradation or retention in the ER (HIV) • Downregulation of the T-cell receptor transcription (HHV) [17, 18] 
Antagonism to interferon production
Various mechanisms are implicated, including:
• Less pDC activation, hence less type I INF production (see above)
• Reduced CD4+ activation (see above)
• Expression of IFN receptor homologues, acting as viral decoys that bind soluble interferon, preventing its action.
• Blockade of innate viral sensing mechanisms like Toll-like, RIG-like and cGAS/STING pathways (see below) The reduced production results in less blockade of viral transcription, less cleavage of viral RNA, less MHC class I and II expression, less inhibition of viral uncoating and release by molecules like tetherin, and overall blunting of innate immune response. [13, 15, 17, 19, 24] Antagonism to interferon pathway Effects would be same as when interferon production is blocked, but mechanism is different:
• Induction of SOCS2, a negative regulator of Jak/STAT signaling (HCV) 
Infection of immune privileged sites
Despite the fact that the cause of death is respiratory failure, the virus may persist (and be shielded) in immunologically privileged sites like the CNS (blood brain barrier) and kidney (glomerular basement membrane See Table  4 To achieve this, viruses have evolved mechanisms including: induction of expression of inactivating F c or complement receptors; expression of soluble complement inhibitory proteins or cytokine receptors; inhibition of expression of adhesion molecules like LFA-3 and ICAM-1, preventing attachment to and killing by CTL cells. Viruses antagonize another key facet of the immune system, cell-mediated immunity, using a diverse repertoire of evasion tactics. One of the key events involved in CTL-mediated killing is recognition of foreign viral peptides that have been cleaved by the proteasome and presented on MHC class I molecules on the plasma membrane of virally-infected cells [18] . Adenoviruses, HSV, CMV and other viral strains antagonize this system by downregulation of viral proteasomal degradation, reduced MHC class I expression, intracellular retention of MHC class I molecules or, quite commonly, inhibition of TAP-mediated transport of viral peptides to the ER. MHC class II presentation of viral peptides on antigen-presenting cells like dendritic cells is also antagonized by some viruses, especially CMV, through blockade of IFN-response and degradation of MHC class II pathway components, among other mechanisms. This, coupled with the inhibition of dendritic cells, dampening of interferon response, and downregulation of T-cell receptors and co-stimulatory molecules, results in reduced CD4+ helper T-cell activation, and subsequent blunting of cell-mediated and humoral immunity [18, 33] . Some viruses like HCMV and VZV have even evolved mechanisms to evade NK cell-mediated killing, which normally would be triggered by downregulation of MHC class I molecules (hence reduced inhibition of NK cells) and expression of stress-response signals (triggering activating receptors like NKG2D on NK cells) [18] .
1d. The peculiar finding of lymphopenia
Despite immune evasion tactics, a well-functioning immune system is often capable of compensating the loss of some of its components. The virus in this thought experiment, much like SARS-CoV, EBOV and H5N1 Influenza, induces an immunosuppression phenotype without direct infection of lymphocytes (Table 4) [9, 14, 16, 37] . The obvious first guess is that the virus directly affects production from the bone marrow by direct infection of hematopoietic precursors or by indirect cytokine-mediated marrow suppression [38] . Reduction of neutrophil count and a hypocellular bone marrow aspirate would confirm this. Excluding bone marrow pathology, apoptosis of lymphocytes is the likely immediate mechanism of lymphocyte depletion [16, [39] [40] [41] . Apoptosis may be triggered by a range of mechanisms. Interferon, paradoxically, is well-known for induction of immunopathology, both acutely and on chronic exposure [5, 21, 42] . Acute interferonopathies result from upregulation of death receptors and apoptosis-inducing ligands on monocytes, airway epithelial cells, and lymphocytes, while chronic type I interferonopathy results from induction of immunosuppressive cytokines like IL-10 and overexpression of PD-1 and PDL-1. Generally-speaking, prolongation of infection and viral chronicity result in immune exhaustion, mediated through receptors such as PD-1 or CTLA-4 [14, 21, 31, 43, 44] . One cannot exclude other plausible mechanisms of lymphopenia like glucocorticoids (as a physiological stress response or therapeutically), altered lymphocyte differentiation, or sequestration in lymphoid tissue [20, [44] [45] [46] [47] . 
Sequestratio n of lymphocytes
It is theoretically plausible that the virus mimics the drug fingolimod, by modulating the S1PR receptor, sequestering lymphocytes in lymph nodes.
[ 46] 1e. Why serum is non-protective A robust adaptive immune response requires the cooperation of the humoral and cell-mediated arms. After initial encounter with the antigen, B-cells undergo affinity maturation and class switching in lymph node germinal centers, with help from dendritic cells and T FH cells that recognize the same epitopes as B-cells (a process called "linked recognition") [17] . Failure of this process may in part be responsible for non-protectiveness of serum, since the quantity, affinity and avidity of antibody response in infected individuals (perhaps even in survivors) may be inadequate (Table 5 ). The importance of humoral immune response also varies between different viral infections due to structural factors (viral peptide antigenicity), factors related to the viral target tissues and replication cycle (latency, infection of immune privileged sites), or factors related to viral virulence (evasion of humoral immune response). In our case, it is likely that the cell-mediated immune response is of greater importance and high concentrations of antibody are needed for passive transfer of immunity. 
Mechanism Explanation Literature
Antibody alone is non-protective.
-Much of the viral cycle is spent intracellularly, sequestered from extracellular antibodies (integration and latency).
-Innate immunity (TLR/TNF/RLR/cGAS), NK cell mediated immunity, and CD8+ mediated adaptive immunity may be more important.
[49]
Failure of
For an effective immune response to take place, antigen-specific T-and B-cells [17] "linked recognition" and affinity maturation much cooperate, with resulting affinity maturation and class switching. This means that the viral epitope recognized by TCR (when bound to MHC class II) must be contained within the epitope recognized by the BCR. In RSV infection, for example, this requirement is not met, leading to failure of induction of effective antibody response.
Variable antibody titre in infected/survivor individuals.
-Antibody levels are variable between survivors and individuals and at various stages of infection. This may be an uncontrolled confounder.
-Very high antibody titres may be needed to achieve protection due to:
• Low antibody affinity • Poor delivery to sites of viral sequestration. Virus may persist in immune-privileged sites.
• Direct binding by soluble viral antigens, acting as decoy to prevent binding to virus. (Ebola virus sGP has been hypothesized to serve this role, for example).
• Viral envelope structural features that block or minimize antibody access, such as variable loops and glycosylation.
[13,50]
High Antigenic variation
The antigenic variation may be so high such that the antibodies produced in one individual are unlikely to bind to the virus in another infected individual. This could result from high mutation rate in viral RNA/DNA ("antigenic escape").
[18,22,32]
Damage mostly by immune response
Even with modest antibody levels, survivors may be protected by genetically-determined factors that favorably reduce cytokine storm or other contributors to immunosuppression and tissue damage.
See Table  4 .
Interrogation of viral biology
2a. Detailed clinical workup
One of the challenges in tackling respiratory viral outbreaks is vague clinical symptoms and overlap with clinical picture of common cold, seasonal Flu, etc. We begin our analysis by a detailed clinical workup in infected individuals at various stages (early, late, and when applicable, convalescence) (Table 6 ). 
Serum albumin and
Determined using protein electrophoresis (albumin, overall immunoglobulin), single radial immunodiffusion/nephelometry (total Ig levels, Ig classes, and IgG subclasses). Albumin immunoglobulin composition levels probe synthetic liver function, while Ig classes determine type of antiviral immune response.
Anti-viral Ig levels
Specific anti-viral IgG and IgM levels for disease screening and response monitoring.
Virus detection and quantification
Specific detection of viral DNA/RNA by PCR, and quantification of viral load by RT-PCR. This step would only be possible after sequence of viral DNA/RNA is established.
Blood and urine chemistry workup
Determination of key parameters like serum electrolytes, BUN, creatinine, liver function enzymes etc is critical to understand associations with viral virulence and lethality.
Comprehensive radiologic assessment
Chest CT scan can reveal immediate cause of death and show different patterns associated with viral infection (primary) or bacterial/fungal infections (opportunistic). CT-scanning of head, abdomen, and other anatomic locations can help reveal anatomic locations infected. MRI and other imaging modalities like PET-CT may also be needed.
Bone marrow biopsy
This would help determine whether lymphopenia results from bone marrow suppression either directly (hypocellularity, apoptosis, etc) or indirectly (just hypocellularity).
Lumbar puncture Whether the virus infection and homing homing to the CNS is a contributor to viral virulence.
Not only would this help us form a detailed account of the natural history of infection in non-survivors in comparison to survivors, but it would also be critical in establishing reliable diagnostic (high specificity) and screening (high sensitivity) criteria for the disease [54] . Of particular interest is the investigation of anatomical sites potentially targeted by viral infection (lung, liver, bone marrow, CNS, etc), detailed analysis lymphocyte subpopulations using flow cytometry, and blood/urine chemistry workup. Studies should investigate the sensitivity and specificity of antiviral monoclonal antibodies (IgM or IgG) and how they correspond to various stages of the infection and natural disease history. Importantly, we should investigate the presence of a "window period" (akin to HBV infection) where the virus is undetectable through any antibody response, as this has clear implications on diagnostic and quarantine measures [55] . After preliminary basic studies determine the sequence of viral genetic material, the sensitivity and specificity of viral PCR and quantitative RT-PCR diagnostic assays should also be determined. Additionally, efforts should be made to develop and validate rapid diagnostic test (RDT) assays for use in low-income, remote, and high clinical flow settings [7] .
2b. In-depth assessment of immune response
In addition to the clinical tests above, which could potentially be performed in a large fraction of the infected population, we should perform in-depth analysis of immune system functions in smaller subsets of the infected population as well as the survivors (Table 7) . We begin by detailed analysis of the cytokine profile in infected individuals, healthy controls, and disease survivors. Like the clinical workup, this analysis should be done at various stages (early, late, convalescence), and at various anatomic sites (especially the respiratory system, through bronchoalveolar lavage or lung biopsy/autopsy). 
Cytotoxicity assays
Chromium release assay for CTL (against antigen-expressing target cells) and for NK cells (non-specific lysis of NK-sensitive tumor target cells). [56, 57] Neutrophil function -Respiratory burst activity by NBT dye reduction test or chemiluminescence -Phagocytic, chemotactic, and bactericidal function (more complex tests) [ 
57]
Complement activity -CH 50 assay of total complement activity -Immunochemical quantification of complement by nephelometry or immunodiffusion [57] Cytokines are detected using standard antigen capture assays like Sandwich ELISA, or when quantitative results are needed, using competitive inhibition assays. Of particular interest are type I and II interferons, TNF , IL-2, IL-4, IL-17 and immune modulators such as TGFβ and IL-10 [17, 51, [55] [56] [57] . Correlational analysis between viral load (identified through antibody or viral PCR) and cytokine profile, can be particularly useful. For example, it was shown that in the context of HIV infection, viremic non-progressors actually shut down type I INF production, with a resultant reduction in immunosuppression [3] . More comprehensive sequence comparative studies assessing HLA alleles and genetic polymorphisms in infected individuals, survivors, and viremic non-progressors can also be conducted [2] .
Limited almost only by funding constraints, all aspects of humoral and cell-mediated immunity should be tested, as these will prove instrumental in understanding viral biology, the mechanism behind immunosuppression, and why some people survive the infection. A crude in-vivo DTH assay can provide a general measure of cellular immunity, however the specificity and standardization of DTH assays has (despite their ubiquitous use) been called into question [2, 56, 57] . Many of the assays mentioned above require the knowledge and isolation of specific viral antigens/epitopes that are immunogenic in nature. This is probably a key bottleneck, and may force us to rely on non-specific or polyclonal lymphocyte proliferation and cytokine production assays at the earlier stages of research into the viral epidemic. Once the virus structure is known, it becomes possible to quantify and isolate antigen-specific CTL (and, with technical difficulty, T H ) using MHC:peptide tetramers. Purified viral antigens would also allow the assessment of proliferation and cytokine production by antigen-specific using assays like IFNcapture ELISPOT assays [17, 56, 57] .
2c. Determination of virus structure and classification
In-depth understanding of viral biology and virulence requires knowledge of viral structure and genomic sequence. There are various systems for classifying viruses, the most established of which are "classical" ICTV classification and the Baltimore classification [58] [59] [60] . Viral particles are isolated from a variety of potential sources like the sputum or victims, infected tissue from autopsies, or propagated using mammalian cell culture. Viral genome is then sequenced, facilitating the classification of virus into one of the seven key genomic classes. Techniques like random-primed PCR and comprehensive DNA microarrays can be very helpful in sequencing the new viral agent, given the limited knowledge we have at the start of the outbreak [61] . The Baltimore classification of viruses relies on the fact that viral mRNA synthesis occurs using different intermediary mechanisms depending on the original viral genetic material. This helped provide a general grouping of viruses based on their infection cycle (transcription/replication), and hence their biology. While the genomic classification is very useful, it only provides a crude picture of viral biology, and it is necessary to perform further in-depth analysis of other structural aspects of viral biology. This includes Cryo-EM visualization of 3D assembled viral structure as well as the structure of purified protein components [62] . Any abnormal viral peptides detected in plasma of victims (eg by mass spectrometry) should be purified and characterized thoroughly, as these might prove to be interesting biomarkers or indicators of viral load in a similar fashion to the HBsAg in HBV infection [63] . The amino acid of various viral proteins should be sequenced and efforts to determine the 3D crystal structure should be initiated [64] . In the meantime, while crystallization efforts are underway, computational approaches should be used to predict approximate 3D structure, with a special focus on surface glycoproteins or other factors hypothesized to mediate viral attachment [65] .
2d. Investigating viral tissue tropism and host binding targets
An in-depth analysis of natural viral tropism can be assessed by performing detailed autopsies of non-survivors, including testing for viral presence (or effects) in all key organ systems (respiratory, digestive, cardiovascular, nervous, musculoskeletal, etc) [66] . Gross examination of all systems can help determine immediate cause of death. Of particular interest is presence of arterial thrombi and venous emboli, especially pulmonary emboli. Histopathologic examination of these tissues is important including: H&E stain, for structural damage, necrosis, emboli, inflammatory microenvironment; special stains, depending on tissue; IHC for in-situ examination of apoptosis (Caspase-3), viral presence using antiviral antibodies, and markers of immune exhaustion (PD-1, CTLA-4); TUNEL assay for detection and quantification of apoptosis in various tissue [66, 67] . Bioinformatics approaches should be deployed to identify likely binding partners to viral genetic material and protein [68] . Potential binding targets include host surface receptors, signalling/development proteins and transcription factors, as well as cytokines and chemokines. Homology analysis can help identify evolutionary equivalents of viral genes/proteins, and would thus be potentially useful in understanding viral biology. Moreover, such homologies can help guide our therapeutic and experimental approaches as we draw parallels from well-known viral infections.
2e. Investigating viral antigenic determinants and natural antibody targets
The identification of viral antigenic determinants is important for understanding viral biology, explaining why serum is non-protective, and determining potential targets for vaccine development. A simple approach would be to isolate the virus (eg. from infected tissue), dissociate and run it on an SDS-PAGE gel. These antigens are then transferred to a nitrocellulose and overlaid with serum from infected or convalescent individuals. Enzyme-linked anti-IgG antibody can then be used to detect which viral antigens are bound by naturally-formed antibody [17] . Similarly, antibodies can be attached on beads and immunoprecipitation can be used, followed by use of SDS-PAGE to determine viral fragments which interact with naturally-formed antibodies. Alternatively, various viral components can be purified and attached to an insoluble matrix. Affinity chromatography is then used using the various viral antigens to screen and purify binding antibodies. [69] Determining the strength of antigen-antibody binding requires more complex procedures. Various viral antigens can be placed in a dialysis chamber, and equilibrium dialysis used to determine the affinity and avidity of naturally-formed antibodies using Scatchard analysis. This would help us determine if serum non-protectiveness stems from poor affinity (eg due to lack of affinity maturation). A more advanced approach involves immobilization of the target viral antigens to special gold-plated surfaces and the use of a "biosensor" assay to quantitate ligand association and dissociation dynamics [17, 70] .
2f. Establishment of in-vitro and in-vivo experimental models
Based on the results of the viral tropism experiments, we should try to establish various human (and other mammalian) cell lines for in-vitro propagation of the virus. Several human cell line registries exist including, for instance, the 844 cell lines at the Japanese Collection of Research Bioresources, which may be systematically screened [71] . In-vitro propagation of the virus is critical not only for detailed studying of viral biology, but also for testing various antiviral assays. We should also try to establish in-vivo models for viral infection, so that we can: a) study natural disease history and biology in a controlled setting, b) develop and test various antiviral therapies and c) develop and test vaccine candidates. A mouse model is ideal in that it is cheap and easy to manipulate, although this may be limiting as it may not show the same clinical and laboratory findings as observed in human infection (this is the case for Ebola for example). If mice do not get infected in the same way, a humanized mouse model can be created by altering the virus in various ways, for example through a random mutagenesis and screening assay, until it infects the mouse. While this is not ideal, it often resembles the human infection, while maintaining the flexibility of mouse models (compared to non-human primates for example) [50, 72] .
The best confirmatory models are usually those based in non-human primates (NHP). These often resemble viral infection in humans the most, but are also the most expensive and difficult to manipulate [50, 72] . We begin by checking if other mammalian species get infected by the virus (or its evolutionary homologous), and which ones show clinical and laboratory findings that resemble the signs and symptoms observed in humans. Of particular interest are "natural hosts" of the virus which despite having high viremia show no clinical signs or symptoms. Sooty mangabeys, the natural hosts for SIV infection, are extensively used in HIV research for this reason, and have been shown to survive long-standing SIV infection due to a combination of factors including: a) reduction of long-term interferon response; b) lack of chronic immune stimulation and hence prevention of immune exhaustion; c) SIV preferentially infecting terminal T H effectors and sparing T H central memory cells [3, 73, 74] .
Management and vaccination strategy
3a. Non-vaccine management strategies
While vaccine efforts are underway, we should experiment with short-term solutions to control viral infections in infected individuals and reduce lethality. Depending on the virus classification, it may be possible to use some antiviral therapies (eg. antiretrovirals, acyclovir, etc) that are used in some currently-known viral infections. Since these drugs are already FDA approved, Phase II clinical trials can be immediately begun using various existing antiviral regimens. A more "risky" line of investigation would be examining the efficacy and safety of blockers of interferon action as well as immune exhaustion antagonists like PD-1 and CTLA-4 blockers [75, 76] . These risky investigations would be warranted if reasonable doubt exists, based on evidence from immune profiling in survivors, that interferon dysregulation and immune exhaustion were partially responsible for the immunosuppression phenotype. Depending on regulatory standards, such studies may be allowed to proceed directly as Phase II clinical trials (using existing PD-1/CTLA-4 blockers used in cancer immunotherapy, for example), or compelling evidence using NHP models may be required first.
While active immunization is the only option that allows for long-lasting immunity, we should also consider (and test the effectiveness of) passive immunization using monoclonal antibody for protection of case contacts or as a form of post-exposure prophylaxis. High purity monoclonal antibody can be obtained using B-cell hybridomas (fusion of myeloma cells with spleen cells from mouse immunized with viral antigens) or using systematic recombinant approaches like phage display libraries. ZMapp, a cocktail or targetes pure EBOV mAbs, for example, showed protective value despite weak or non-protectiveness of sera in EBOV passive immunization [50, 77] .
3b. Dynamics of infection spread and herd immunity threshold
One of the factors that can inform vaccine researchers and public health regulators when facing a new epidemic is the reproduction number (R 0 ) and the herd immunity threshold, also known as the critical vaccination level (V c ) [78] . R 0 is defined as the average number of susceptible individuals (i.e. unvaccinated and non-exposed) that one infected case can transmit the disease to over the course of its infectious period. R 0 = 1 is a critical value, since it signifies an equilibrium where disease is stable. When R 0 < 1, the disease is shrinking will die out on its own, while R 0 > 1 indicates the disease is spreading. R 0 varies widely between different infection (measles has R 0 =12-18, while Ebola has R 0 =2), but generally airborne or droplet-transmitted infections have a high R 0 value. Our target is to bring down R 0 below 1, which means that the critical fraction of population that needs to be vaccinated to stop disease spread V c =1 -(1/R 0 ). The calculation of R 0 is empirically driven, and assumes that the population is homogeneous and freely mixing (i.e. does not take into account quarantine measures or small communities). It also assumes that the the vaccine offers 100% protection. Using these and other (more sophisticated) metrics, we can get a better idea of: 1. Whether a widespread vaccination effort is likely to succeed, and 2. How well we are doing, and the point at which we can consider the epidemic to be regressing. If the virus is obligately human (as are smallpox and poliovirus) then an effective vaccine could in fact eradicate the virus if the critical vaccination level is reached [79] .
3c. Vaccine development strategy
There are numerous vaccine development strategies that have been tried, with variable success, in past viral infections [54] . "Classic" vaccines rely on inactivated viruses or on live-attenuated viruses inducing natural infection in the host, while newer approaches include individual or combined viral subunits/proteins, DNA vaccines, and "vectorized" viral vaccines [17, 50, 54] . "Killed"/inactivated virus vaccines rely on viral inactivation by formalin, heat or irradiation. The advantage of course is that this technique is safer than live-attenuated vaccines, and usually triggers a good humoral response. Unfortunately, though, this also means that it is less immunogenic and is does not trigger strong cell-mediated response, since there is no presentation of viral antigens on MHC class I or II molecules [17] . Nonetheless, for viral infections where humoral immunity plays the major role, such as poliovirus and Hepatitis A, a killed vaccine provides adequate protection.
Whole-virus attenuation is typically achieved by propagating the wild type virus for many cycles on non-human (eg chicken or monkey) culture cells. The virus is selected for survival in these cell lines and acquires mutations through random antigenic drift that attenuate its virulence in human hosts. This type of vaccine usually triggers a strong humoral and cellular immune response, and is thus a very effective vaccine type that has been critical in preventing measles and VZV infections [54] . This type of vaccine, however, is not suitable for immunocompromised or pregnant individuals, since the prolonged time to viral clearance increases the chance of virus re-acquiring selective mutations that enable it to be virulent and potentially lethal in humans. Genetically-engineered live-attenuated viral vaccines, while more difficult to develop, circumvent this limitation. The virulence gene, determined using any of the approaches mentioned below, is deleted (eg. using restriction enzymes) or mutated (eg. using random or site-directed mutagenesis assays). These mutations are introduced in a controlled fashion, and are engineered to be extensive enough to make it extremely unlikely that the virus can re-acquire virulence.
The most famous viral vaccine consisting of a viral peptide is the HBsAg based Hepatitis B vaccine, produced by recombinant yeast [17, 80] . This technique is more safe, due to absence of virulence, and has the added advantage of mass production. Its main disadvantage is the need for multiple doses and that key viral immunogenic peptides need to be known in advance. Although no vaccine for Ebola has been approved by the FDA yet, a Viral-Like Particle (VLP) containing EBOV VP40 and GP particles (optionally with other EBOV proteins) were shown to be highly immunogenic and to successfully trigger innate and adaptive immune responses [50] . Recombinant DNA vaccines are a relatively new technology, and so far there are no FDA-approved DNA vaccines for human use. Nonetheless, they have been shown in some settings to induce a strong humoral and cellular immunity, albeit while requiring multiple doses [54] . "Vectorized" viral vaccines involved the use of a non-virulent viral replicon (eg from VSV or adenovirus) to deliver antigenic peptides [54] . Due to the high flexibility of this technique, it has been the focus of many of the vaccine efforts in response to recent epidemics like SARS and EBOV, often showing very high success rates and induction of humoral and cell-mediated immunity. One factor to consider when choosing vectors is pre-existing immunity of the host; if the individual has strong immunity (eg to adenovirus) they are somewhat likely to reject an adenovirus-type replicon [81] . Another important consideration is the replication competence of delivery vectors, as replication-competent vectors may pose safety issues in pregnant or immunocompromised individuals . Various preparations (oral, subcutaneous, intradermal, parenteral/intramuscular, aerosolized/intranasal) of the vaccine should be tested for immunogenicity and strength of resultant humoral and cellular response to a lethal viral challenge in animal models. Since this virus seems to primarily infect the respiratory tract, intranasal administration may prove to be a very effective way of triggering a strong immune response. For peptide vaccines, various adjuvants and doses should also be considered and tested for immunogenicity [17] .
3d. Identification of peptide/subunit vaccine candidates
How can we identify virulent viral subunits/peptides so that are virulent (to be deleted/mutated) or immunogenic (to be expressed) when designing a recombinant live-attenuated, DNA, or vectorized vaccine? We may begin to answer this question by identifying viral components that bear some homology to known virulence genes/peptides, or for which there is a potential biological mechanism that mediates virulence. For example, a glycoprotein probably mediates attachment to the host cell. One may also predict vaccine candidates by their chemical properties; good vaccine candidates are typically large, complex peptides that are highly dissimilar to known human antigens [17] . A more direct approach would be to use in-vitro and in-vivo virulence screening assays; delete or mutate various viral components and introduce modified virus to cultured cells and quantify viral infectivity using a plaque assay or flow cytometry [82] . The same principle can be applied in-vivo by introduction to animal models. More complex techniques, called "reverse immunogenetics" allow identification of viral peptides that are displayed by MHC class I and II. After MHC molecules from infected tissue are isolated (eg using native PAGE assays), peptides are eluted from the MHC binding groove and highly-sensitive mass spectrometry is used to characterize the peptide fragments [17, 83] .
3e. Testing vaccine candidates
Potential vaccines are tested in-vivo by incolulation into a mouse or NHP host (a negative control is injected with an saline). After ~10 days, a challenge test is performed by injection with a lethal dose of the virus, and the animal is observed for clinical symptoms and signs, viral load by RT-PCR, viral shedding in sputum and bronchoalveolar secretions, FCS of lymphocyte subpopulations [17] . A crude in-vivo test for activation humoral and cell-mediated immunity involves transfer of serum or spleen cells to a syngeneic recipient, followed by challenge with a lethal dose of antigen. Quantification of viral level (RT-PCR) and antiviral immunoglobulin levels in serum (IgM, IgG) and in respiratory secretions (IgA) should be done after 10 days and after weeks of primary inoculation [17] . It is also important to monitor cell-mediated immune response by in-vivo testing (DTH) or MHC:peptide tetramer-FCS of antigen-specific T-cells [50, 54] . Alternative and more flexible trial designs should be considered, although a classic individually randomized design with placebo controls should be the default (to maximize statistical power and scientific value) [84, 85] .
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